DNMT3A and 3B are the main de novo DNA methyltransferases (DNMTs) in the brain that introduce new methylation marks to non-methylated DNA in postmitotic neurons. DNA methylation is a key epigenetic mark that is known to regulate important cellular processes in neuronal development and brain plasticity. Accumulating evidence disclosed rapid and dynamic changes in DNA methylation of plasticity-relevant genes that are important for learning and memory formation. To understand how DNMTs contribute to brain function and how they are regulated by neuronal activity is a prerequisite for a deeper appreciation of activity-dependent gene expression in health and disease. This review discusses the functional role of de novo methyltransferases and in particular DNMT3A1 in the adult brain with special emphasis on synaptic plasticity, memory formation, and brain disorders.
Introduction
A rapidly increasing number of neuroepigenetic studies have been published in the past decade. This work not only contributed to a better understanding of genetic imprinting, maintenance of genomic stability, and how gene-environment interactions can influence the onset of brain diseases, but it also revealed possible mechanisms of epigenetic transmission of behavioral traits as well as transgenerational inheritance, to name only a few major advances (Blake and Watson 2016; Graff and Mansuy 2009; Sweatt 2013; Tsankova and others 2007) . One driving force of this research is the question of how epigenetic modifications relate to cognition and long-term memory formation. More than 30 years ago, Francis Crick speculated that memories might be encoded in alterations of the chromosomal DNA in the brain (Crick 1984) . However, only in recent years was it possible to unravel the mechanisms by which epigenetic readers and writers might induce such changes. Epigenetic modifiers place or remove epigenetic marks mainly by modification of DNA and histones. The attachment of methyl groups to the 5′-carbon of cytosine is one of the chemical labels on the backbone of DNA. DNA methyltransferases (DNMTs) are the major epigenetic building blocks of 5-methyl-cytosine methylation in DNA (Denis and others 2011) (Fig. 1 ), which in turn controls binding of proteins to DNA and thereby gene expression.
In this review, we primarily focus on the contribution of the de novo methyltransferases DNMT3A and -B and discuss how DNA methylation is regulated by these enzymes in postmitotic neurons in the context of memory formation, behavioral plasticity, and psychiatric disorders.
Structure and Domain Organization of DNMTs
Two major DNMTs are found in mammals, DNMT1 and -3 (Jeltsch 2002) . While sharing a similar domain organization and active catalytic domains in the C-terminus, the three DNMTs differ in their N-termini (Fig. 2) . Of particular relevance here is the extended N-terminus of DNMT1, which is lacking in DNMT3, and which is important for the localization of the enzyme to the replication fork during DNA replication (Leonhardt and others 1992) . DNMT1 largely serves as maintenance DNMT that methylates hemimethylated DNA by transferring a methyl group to the complementary DNA strand to accurately mimic the methylation pattern prior to DNA replication (Hermann and others 2004) .
DNMT3, in contrast, is a "de novo" DNA methyltransferase that introduces new methyl groups to previously non-methylated DNA. Two genes, Dnmt3a and Dnmt3b, give rise to different isoforms, which share high sequence and structural similarity (Fig. 2) . The PWWP domain interacts with histone tails (Taverna and others 2007) and is present in all DNMT3 proteins. The PWWP domain is essential for methyltransferase (MTase) function since it specifically recognizes the repressive H3K36 trimethylation histone mark and targets DNMTs to DNA (Ge and others 2004) . The structures of the PWWP domains from both DNMT3A and DNMT3B have been solved (Qiu and others 2002; Rondelet and others 2016) . In addition, DNMT3A and DNMT3B directly interact with chromatin through their ADD domains that bind to H3 tails unmethylated at K4 (Ooi and others 2007; Zhang and others 2010) . Two splice isoforms exist for DNMT3A, DNMT3A1, and DNMT3A2. DNMT3A2 lacks the N-terminal 219 amino acids of DNMT3A1 and is transcribed from an alternative promoter (Chen and others 2002a) (Fig. 2) . Interestingly enough, DNMT3A2 is an immediate early gene whose expression in neurons can be induced by sustained synaptic activity (Oliveira and others 2012) . Unfortunately, most published studies looking at mRNA expression have not distinguished both isoforms, and one can only tentatively assume that they investigated DNMT3A1. The protein transcribed from the third gene, Dnmt3l, lacks enzymatic activity since the catalytic domains are absent (Aapola and others 2000) (Fig. 2) . It was postulated that although catalytically inactive, DNMT3L aids the DNA methylating function of other DNMTs. It recognizes, for instance, the unmethylated lysine 4 of histone H3 and triggers DNA methylation either by the recruitment or activation of DNMT3A2 (Ooi and others 2007; Rondelet and others 2016; Stepper and others 2016) . So far no other function than DNAmethylation has been attributed to DNMT3A. (1) De novo DNA methyltransferase enzyme DNMT3 transfer methyl group to 5′-carbon in cytosine (C), converting it to 5mC. Maintenance DNA methyltransferase DNMT1 methylates the hemimethylated DNA. (2) TET enzymes initiative successive oxidation reactions steps, initially by converting 5mC to 5-hydroxymethylcytosine (5hmC). (3) TET enzyme converts 5hmC to 5′-formyl-cytosine (5fC). (4) TET enzyme further converts 5fC to 5′-carboxyl-cytosine (5caC). TDG either directly excises the glycosidic bond in 5fC (4b) or 5caC (5) generating an abasic site. (6) Base Excision Repair (BER) pathway includes the removal of the abasic site and replacement of the nucleotide.
Posttranslational Modifications of DNMTs
Several studies have shown how posttranslational modifications (PTMs) such as phosphorylation, acetylation, citrullination, SUMOylation, ubiquitination, neddylation, glycosylation, butyrylation, propionylation, and methylation affect the function and regulation of epigenetic modifiers and readers (Denis and others 2011) . All known PTMs of DNMT1 such as acetylation, SUMOylation, methylation, and phosphorylation enhance interactions with other proteins or affect stability and catalytic properties (Denis and others 2011) . DNMTs undergo complex conformational changes, capable of oligomerization and auto-inhibition, all of which might contribute to control the activity of these enzymes. Documented PTMs for de novo methyltransferases are SUMOylation, citrullination, and neddylation (see Table 1 ) and in particular DNMT3s are known to undergo prominent SUMOylation (Denis and others 2011) . SUMOylation of DNMT3A disrupts the binding to histone deacetylase1/2 (HDAC1/2), and this abolishes the repressive function of DNMT3A in gene expression (Ling and others 2004) . In addition, a direct interaction between the N-terminal PHD domain of DNMT3A and histone deacetylase (HDAC) 1 has been reported (Fuks and others 2001) and the majority of the repressive activity of the N-terminal DNMT3A can be relieved by treatment of cells with the HDAC inhibitor trichostatin A (TSA) (Fuks and others 2001) . A recent study demonstrated an interaction of DNMT3A with PADI4, a Ca 2+ -dependent enzyme catalyzing the conversion of arginine residues to citrulline, and the authors identified a region upstream of the PWWP domain of DNMT3A as the primary site of citrullination (Deplus and others 2014) . DNMT3A citrullination stabilizes the enzyme, probably by reducing its susceptibility to degradation and hence enhances DNA methylation (Deplus and others 2014) .
The consequences of phosphorylation for DNMT3 activity has not been studied in any detail, although more than 24 phosphorylation sites have been identified in both enzymes in phosphoproteomic studies ( Fig. 3 ; http:// www.phosphosite.org). CK2 phosphorylates DNMT3A at two sites, S386 and S389, located next to the PWWP Figure 2 . Domain structure of mammalian DNMTs. The regulatory N-terminal part and conserved catalytic C-terminal part are represented. Importantly, the arrangement of different domains in DNMT1 is controlled by long linker regions, which form tight interactions with surface clefts of the domains. Both the linkers and the clefts are subject to many reported PTMs in DNMT1, including phosphorylation, acetylation, and ubiquitination. These PTMs might directly control the positioning of these domains in DNMT1. The ADD domain has been implicated in the allosteric control of DNMT3A, as it interacts with the catalytic domain of the methyltransferase and inhibits its activity, indicating that PHD-like domain-mediated interactions with other proteins could have direct regulatory impacts on the catalytic activity of the MTase. NLS = nuclear localization signal; CXXC = two cysteines separated by two other residues; BAH1/2 = tandem bromo-adjacent homology; PWWP = Pro-Trp-Trp-Pro; ADD = ATRX-DNMT3-DNMT3L.
domain, and that CK2-mediated phosphorylation increases the heterochromatic targeting of DNMT3A and reduces its DNA methylation activity (Deplus and others 2014) . These data further support the view that the combined regulation of enzymatic activity and localization is a common principle in the regulation of DNMT3A (Fig. 3) .
Covalent attachment of the small ubiquitin-like neural precursor cell-expressed, developmentally downregulated 8 (NEDD8) protein leads to conformational changes that may prevent other PTMs to occur. In addition, neddylation might interfere or compete with other interaction partners or, alternatively might give rise to a new binding surface for new interaction partners (Rabut and Peter 2008) . It was found that NEDD8 is directly conjugated to DNMT3A and -B and that both methylases also associate with other neddylated proteins. Moreover, it was shown that DNMT3B-dependent DNA methylation was enhanced by the interaction with NEDD8 (Shamay and others 2010) . Collectively, the data point to several levels of potential regulation of DNMT function by PTMs but their relevance for neuronal gene expression has not been proven yet.
Expression of DNMT3 Family Members in the Adult Brain
Early work already showed that DNMT3 family members are crucially involved in embryonic development when these proteins are very abundant. A constitutive Dnmt3a and Dnmt3b gene knockout in mice results in embryonic or early postnatal death (Okano and others 1999) . Interestingly, the two major de novo methylating enzymes, DNMT3A and -3B, show a differential agedependent expression in brain. DNMT3B exhibits higher expression levels prenatally in the transiently amplifying neural progenitor cells, whereas DNMT3A protein levels increase postnatally and DNMT3A might replace DNMT3B (Feng and others 2005; Watanabe and others 2006) . Over the lifespan the abundance of DNMT3A declines following synaptogenesis in neurons with very low levels during aging (Feng and others 2005; Goto and others 1994) . Since a global DNA hypomethylation is a hallmark of neuronal aging (Jung and Pfeifer 2015) , it is tempting to speculate that this decline is involved in senescence-related DNA-hypomethylation. Moreover, it is likely that this downregulation contributes to cognitive decline in aging (Oliveira and others 2012) . Of note in this regard, for instance, the finding that the diminished inducible expression of DNMT3A2 in the old brain results in memory impairment, and this impairment can be rescued by viral reexpression of the protein (Oliveira and others 2012) . DNMT3A2 overexpression even enhances fear memory formation and results in increased expression of synaptic plasticity-related genes (Oliveira and others 2016) . Interestingly, some reports indicate that DNMT3A1 is found preferentially with heterochromatin whereas DNMT3A2 associates with euchromatin (Chen and others 2002a) .
Relatively few studies have addressed the regional and cellular distribution of DNMTs in the brain. Collectively these studies point to a rather complex picture. DNMT3B, for instance, appears to be present though to a lesser extent compared to DNMT3A in medial prefrontal cortex (mPFC) (Elliott and others 2016) , while expression levels are comparable in the subfields of the hippocampus (Mitchnick and others 2015) . Surprisingly, in almost all published studies DNMT antibody staining was reported to be stronger in neuronal as compared to glial cells (Kadriu and others 2012; Nguyen and others 2007) . Moreover, immunohistochemical analysis showed that DNMT expression in dorsal root ganglia (DRG) is cell-type specific. DNMT3A expression was mainly detected in the satellite cells surrounding the DRG neurons, unlike DNMT1 expression, and also in Schwann cells, whereas DNMT3B expression was mainly in DRG neurons (Pollema-Mays and others 2014). Of note, very strong immunoreactivity for DNMT1 and -3A has been reported in GAD67-positive interneurons (Kadriu and others 2012) . Unfortunately, this picture is still incomplete, and this greatly hampers research on the exact role In the upper panel, the predicted phosphorylation sites with a score of >0.8 are displayed. Two sites, Serine 199 and Threonine 834, are predicted to be phosphorylated by Protein Kinase C (PKC), which is activated by a series of molecular cascades upon Ca ++ influx into neurons. In the lower panel, other phosphorylation sites are displayed that were identified in phospho-proteomics studies with the number of references, which reported this phosphosite.
of DNMTs in the regulation of gene expression in the adult brain. Studies using well-characterized antibodies are prerequisites to provide the basis for addressing several important questions that are outlined below, and they are ultimately warranted.
The Neuronal Phenotype of Dnmt Mouse Mutants
DNMTs are broadly involved in embryo development and the targeted mutation of Dnmt1 or Dnmt3a and -3b results in early embryonic lethality (Li and others 1992; Okano and others 1999) . Transgenic Dnmt mice with conditional alleles for gene deletion have provided spatial and temporal control of DNMT expression. The forebrain-specific knockout of either the Dnmt3a or Dnmt1 gene does not result in any impairment in spatial learning and memory in the Morris water maze and contextual fear conditioning . However, the double knockout of both genes induces impaired spatial learning and memory in both tests and an attenuated slope of field excitatory postsynaptic potential in the late phase of Schaffer collateral long-term potentiation (LTP) . This finding indirectly suggests that both enzymes might have redundant roles in learning and memory formation and that both DNMTs might be able to substitute for each other. On the contrary, a more recent study indicated that maintenance and de novo methyltransferases cannot replace for each other (Morris and Monteggia 2014) . In this latter report, the authors revealed spatial and novel object recognition as well as conditioned taste aversion learning impairments in forebrainspecific conditional single Dnmt3a but not Dnmt1 knockout mice (Morris and Monteggia 2014) . The Dnmt knockouts were generated using floxed Dnmt1/3a and a Cre deleter line whose expression was under the control of CamKIIα promoter (Morris and others 2016) . The reasons for these discrepant reports are not clear, but it is possible that the use of different learning tasks and differences in the sex and age of subjects might have contributed to these findings. A recently published study showed that forebrain-specific deletion of DNMT1 reduces levels of anxiety, whereas the corresponding DNMT3A knockout did not have a comparable effect (Morris and others 2016) . Thus, at present, it appears to be plausible that the different DNMTs contribute in a cell and circuit-specific manner to behavioral traits, learning, and memory.
The Pharmacology of DNMT Inhibitors
Prior to the generation of genetic mutant mouse models, the investigation of DNMT function in the brain depended almost exclusively on the functional block of these enzymes using pharmacological inhibitors. 5-Aza-2′-deoxycytadine (5-azadC), zebularine, and RG108 are commonly used DNMT inhibitors (Creusot and others 1982) . 5-azadC and zebularine are nucleoside inhibitors that following their incorporation into DNA trap DNMTs by covalent binding of the enzyme to DNA and thereby blocking methyltransferase function irreversibly at other sites (Creusot and others 1982) . It is, however, an unresolved question how cytidine analogues incorporate into the DNA of postmitotic neurons. It is rather likely that in postmitotic neurons they might have off-target effects not related to demethylation of DNA. In contrast, the Curcumin-derivative RG108 was shown to bind the active site of DNMT1 (Schirrmacher and others 2006) and inhibits the enzyme by blocking the catalytic domain without the need for incorporation into DNA. Of note, although the catalytic domains of DNMT3 and DNMT1 are highly conserved, it is not yet clear if RG108 can also block DNMT3 (Brueckner and others 2005) . Nonetheless, RG108 is much less cytotoxic than nucleoside inhibitors whose cytotoxic effects are likely to be related to protein-DNA adducts induced by these compounds.
Inhibition of DNMTs and the Study of Cognitive Function
Taking into account these caveats, pharmacological inhibition of DNMT enzyme function has nonetheless contributed to a deeper appreciation of their role in neuronal function. Based on studies employing these inhibitors it is nowadays widely believed that reversible and dynamic DNA-methylation mediated by DNMTs has a role in cognition and memory (see Fig. 4 ). The nature of this role, however, is still essentially unclear and a matter of debate.
Contextual fear conditioning induces a form of associative memory in rats that leads to the induction of Bdnf (brain-derived neurotropic factor) IV expression following the demethylation of its promoter in the CA1 region of the hippocampus (Harris and others 2016; Lubin and others 2008) . Infusion of zebularine and RG108 into CA1 attenuates Bdnf IV expression, and this is correlated with impaired contextual fear memory (Lubin and others 2008) . Some studies suggest that methylation regulates gene expression differentially following fear conditioning. An example is the selective differential regulation of the memory suppressor protein phosphatase 1 (PP1) and the memory enhancer reelin (Reln) (Miller and Sweatt 2007) . Following contextual fear conditioning, the promoter methylation of the Reln gene is decreased, and expression of the gene is increased. On the other hand, the promoter methylation of the memory suppressor PP1 is enhanced, hence, the expression of the gene is suppressed (Miller and Sweatt 2007) . Of note, both proteins will have multiple cellular functions. It is unclear how this finding relates to increased Dnmt3a and Dnmt3b transcript expression in this paradigm. Nonetheless, several studies have shown that DNA methylation is dynamic in the adult brain, and it has been speculated that regulation of methylation can be gene specific and depends on the cellular context during the process of memory formation (Day and Sweatt 2010; Miller and Sweatt 2007) .
The general theoretical framework underlying most studies is based on the idea that neuronal activity is translated into altered DNA methylation, which is a prerequisite for memory maintenance. Along these lines cortical infusion of DNMT inhibitors after the establishment of short-term memory impaired memory consolidation and formation of long-term memory (Miller and others 2010) . Moreover, DNMT3a and DNMT3b transcript levels are increased in the dentate gyrus (DG) whereas DNMT1 mRNA expression is unregulated in the perirhinal cortex following novel object-location learning (Mitchnick and others 2015) . Thus, blocking DNMT activity impairs long-term memory. Interestingly enough, infusion of RG108 into the dentate gyrus and perirhinal cortex is effective in this regard while application of 5-azadC has only an effect following injection into the DG and perirhinal cortex. This finding might reflect the different mechanism of action and specificity of DNMT inhibitors as discussed above.
At present very little is known about upstream regulators of DNMT activity. The steroid estradiol enhances memory consolidation, and it was shown that this effect requires DNMT activity (Zhao and others 2010) . In line with this finding, estradiol infusion results in elevated DNMT3B expression in the dorsal hippocampus (Zhao and others 2010) . Auditory fear conditioning also leads to increased DNMT3A mRNA expression and histoneH3 acetylation in the lateral amygdala (Monsey and others 2011) . Local HDAC inhibition enhances memory whereas the DNMT inhibitor 5-azadC blocks memory consolidation in this paradigm. Furthermore, intraamygdalar infusion of 5-azadC interferes with histone acetylation and attenuates the learning-related increases in H3 acetylation (Monsey and others 2011) . Memory consolidation in the basolateral amygdala depends on DNMT activity as well. Immediate local infusion of 5-azadC disrupted the ability of a conditioned stimulus to reinstate cocaine-seeking behavior in a paradigm where a conditioned stimulus was paired with cocaine self-administration (Shi and others 2015) . In a similar paradigm, where rats were administered with 5-azadC into the nucleus accumbens, cue-induced cocaine seeking behavior was significantly attenuated (Massart and others 2015) .
Other studies also support the notion that DNMTs regulate associative reward learning, drug addiction, and behavior (Day and others 2013; LaPlant and others 2010). LaPlant and others investigated the role of DNA methylation in chronic cocaine administration and chronic social defeat stress in the nucleus accumbens. Cocaine administration leads to a biphasic regulation of DNMT3A mRNA expression, with an increase within 4 hours and a prominent decrease 24 hours later. Cocaine only temporally regulates DNMT3A mRNA levels since its withdrawal results in upregulation of DNMT3A mRNA expression in the nucleus accumbens. Of note, DNMT activity appears to regulate spine density since infusion of the DNMTinhibitor RG108 abolished greatly the cocaine-induced reduction in spine density (Day and others 2013; LaPlant and others 2010). The dopaminergic neurons of the ventral tegmental area are important for reward learning in animals (Hyman and others 2006) . Along these lines, it was shown that DNA methylation is required to establish associative award learning in this region particularly for the expression of key plasticity genes like Fos and Egr1. Alterations in methylation, either in proximity to transcription start sites but also in intragenic regions, appear to regulate the expression of such genes and this regulation is sensitive to the RG108 infusion (Day and others 2013).
DNMT3 in Emotion and Motivated Behavior
A recent study demonstrated a role for DNMT3A1 in anxiety-related behavior in mice (Elliott and others 2016) . Dnmt3a1 mRNA levels were reduced in the mPFC of adult mice that were exposed to chronic social defeat stress and after that displayed increased anxiety. The aftermath effect of the social defeat stress was overcome by virally increasing DNMT3A1 expression in the mPFC (Elliott and others 2016) . In selective areas of the brain, particularly those where adult neurogenesis occurs like in the subventricular zone (SVZ), olfactory bulb, the granular zone of the DG, and in the distinct white matter tracks DNMT3A type II cells depict higher expression of DNMT3A (Hammels and others 2015) . Type II cells are identified in this study by intense DNMT3A immunoreactivity while co-localizing with proliferation and immaturity markers like doublecortin in the hippocampal DG (Chouliaras and others 2011).
Hammels and others found that animals resilient to chronic social defeat stress exhibited an increased number of DNMT3A type II cells in the DG, a heterogeneous population of cells with 25% doublecortin-positive immature and 60% NeuN-positive cells and that this equates with their anxiolytic, hedonic behavior (Hammels and others 2015) . However, NeuN is not a reliable marker of mature neurons since immature adultborn granule cells in the DG also express NeuN prior to their maturation (Kempermann and others 2004) .
In support of these observations (but see also for contradictory results Sales and others 2011), intra-hippocampus injection of DNMT inhibitors induces an anxiolytic effect in association with increased BDNF expression (Xing and others 2014) . In this study, it was also found that 5-azadC injection into the ventrolateral orbital cortex induced depressive-like behavior (Xing and others 2014) . These findings are not surprising. Several studies in the past decade showed that epigenetic modifiers in the hypothalamic pituitary adrenal axis regulate responses to fear and stress exposure, regulate circadian rhythm, addiction, posttraumatic stress disorder (PTSD) (Azzi and others 2014; Barbier and others 2015; Murgatroyd and others 2009; Szyf 2013; Zovkic and Sweatt 2013) . Collectively these data suggest that subtle changes in the methylation status of only very few crucial cytosines in CpG sites can dictate the response of the brain to early life stress particularly if these sites modulate binding of proteins to methylated DNA (Murgatroyd and others 2009) . For instance, in response to early life stress promoter hypomethylation of the arginine vasopressin hormone gene in hypothalamic nuclei was observed and this, in turn, reduced the MeCP2 occupancy on the promoter and increased the expression of the gene (Murgatroyd and others 2009 ). This affected later in life the behavior of the mice and led to deficits in avoidance learning (Murgatroyd and others 2009 ). Prenatal stress is an important factor for the development of schizophrenia (SZ), later in life (Brixey and others 1993) . Bdnf IV promoter methylation increases postnatally in the hippocampus and amygdala of rats, which were exposed to prenatal stress, and hence resulted in reduced Bdnf IV expression. The correlation between reduced Bdnf IV expression and the increase in DNMT3A levels in these brain regions prompted authors to speculate about a causal relationship (Boersma and others 2014) . Finally, prenatally stressed mice depict not only similar behavioral traits like psychotic patients but also similar epigenetic signatures (Dong and others 2015) . DNMT1 and Ten-eleven translocation (TET) enzyme 1 level increase in prenatally stressed mice correlates with enhanced 5mCs and 5hmCs in the regulatory DNA regions and therefore decreased Bdnf gene expression (Dong and others 2015) .
Regulation of DNMT Function in the Brain
The emerging picture from this vast body of literature indirectly suggests an intimate link between synaptic events and nuclear DNMT activity (Fig. 4) . However, surprisingly little is known on how DNMT activity feeds back to synaptic function and conversely how synaptic activity triggers signaling that then eventually controls DNMT function. It is therefore at present still essentially unclear how neuronal activity regulates dynamic and reversible DNA methylation and how this can be influenced by DNMTs. Although there is accumulating evidence that activation of excitatory synapses increase DNMT mRNA expression (see above and Fig. 5 ), increased DNMT mRNA expression does not make much sense as an instantaneous regulatory event to control gene expression and also the question arises how this relates to demethylation of promoters, which is essential for the transcription of plasticity-related genes. Unfortunately, very little is known about the control of protein expression and here in particular PTMs of DNMTs. This is astonishing since it is likely that PTMs of DNMTs induced by synaptic activity affects DNA methylation. In fact, many conflicting data render it currently difficult to judge and to identify the underlying principles of synapse-to-nucleus communication in this scenario.
Neuronal depolarization with KCl for 1 hour, for instance, did not alter DNMT3A mRNA levels in cortical neurons (Day and others 2013) ; however, depolarization for 6 hours reportedly led to a reduction in DNMT3A protein levels (Sharma and others 2008) . In addition, recent advances in the whole epigenome analysis have challenged the early simplistic view that DNA methylation is associated with transcriptional silencing. It is now well established that methylated CpG-rich regions of DNA are not only found in transcription initiation sites but also in gene bodies and intergenic regions (Jones 2012) . Moreover, its effect on transcription may vary since, for instance, gene body CpG methylation (Yang and others 2014) and DNMT3A-dependent nonproximal methylation (Wu and others 2010 ) is positively associated with transcription. Additionally, non-CpG (CpH, H = A/C/T) methylation is established during synaptogenesis, in which CpH methylation accumulates in neuron but not in glial cells (Lister and others 2013) and DNMT3A is required for its active maintenance in postmitotic neurons (Guo and others 2014) . In support of this, Dnmt3 knockout mice displayed largely unaltered CG methylation; however, CpH methylation was absent in the brain (Gabel and others 2015) . Roles attributed to non-CpG methylation, which does occur in neurons, may also vary. Gene expression profiling from the adult mouse DG revealed the methylated CpH containing regulatory regions were associated with lower nearby gene expression independently of the CpG contexts (Guo and others 2014) . Alterations in histone acetylation and DNA methylation occur in parallel following contextual fear conditioning learning and changes in DNA methylation might also occur in non-neuronal cells potentially supporting the epigenetic code for memory formation (Halder and others 2016) . Unfortunately, only very few studies have looked in parallel at mRNA and protein expression as well as DNMT activity. Given this complexity and the conundrum of at first glance conflicting reports, it is at present elusive how increased DNMT transcript levels relate to protein expression and how synaptic function controls DNMT activity and selective methylation of certain genes in the context of learning and memory. This is an important question since published reports suggest an intimate link. In cultured neurons inhibition of DNMT by the antagonist RG108 results in up-scaling of excitatory synaptic strength (Meadows and others 2015) and a combined shRNA protein knockdown of DNMT1 and DNMT3A also induced intrinsic membrane excitability changes that essentially required both ongoing, AMPARs-and NMDARs-dependent synaptic transmission (Meadows and others 2016) .
DNMTs in Neurodegeneration and Neuropsychiatric Disorders
The shortcomings outlined above should also be resolved because DNMTs are apparently involved in a number of brain diseases. It is nowadays widely recognized that DNA methylation is implicated in neurodegenerative diseases as well as psychiatric disorders. Aberrant DNA methylation is, for instance, evident in SZ, bipolar disorder (BD), and major depression disorder (Mill and others 2008) . In particular, SZ patients exhibit clearly altered DNA methylation patterns (Morris and Monteggia 2014) and increased DNMT1 expression (Ruzicka and others 2007) . Moreover, a downregulation of genes associated with inhibitory neurons, such as glutamic acid decarboxylase67 (Gad67) and Reln, was measured in postmortem brain samples of SZ patients (Guidotti and others 2000) . This downregulation was correlated with a hypermethylation of their CpG island promoter regions (Chen and others 2002b; Grayson and others 2005) and with an increase of DNMT1 (Veldic and others 2004) and DNMT3A (Zhubi and others 2009) mRNA expression in cortical GABAergic neurons of SZ patients. Interestingly, prenatal stress in mice that induces SZ-like behavior also results in high levels of DNMT1 and DNMT3A expression occurring in GABAergic neurons (Matrisciano and others 2013) .
Bipolar disorder is a highly disabling and very frequent mood disorder (Gershon 2000) . In SZ as well as BD patients DNMT1 expression and promoter methylation of the Reln and Gad67 gene are elevated (Grayson and Guidotti 2013) . This might be relevant for disease progression since a suppression of the GABA synthesizing gene Gad1 might affect inhibitory neurotransmission (Grayson and Guidotti 2013; Murgatroyd and Spengler 2012) . Additionally, DNMT1 and -3A expression were also found to be elevated in the brains of patients with epilepsy (Zhu and others 2012) . The frontal cortex of patients with Alzheimer's disease (AD) and BD exhibits enhanced DNA methylation, which is associated with hypermethylation of the BDNF gene promoter and a significant decrease in BDNF transcript levels (Kim and others 2010; Rao and others 2012) . In a recent study, increased binding of DNMT1 to promoter regions of genes important for GABAergic (Reln and Gad67) or glutamatergic (BDNF IX) neurotransmission was shown in the cortex of patients with SZ and BD (Baets and others 2015) . This increase in binding, however, did not correlate with enhanced promoter methylation (Baets and others 2015) . Recently, a genetic study on single-nucleotide polymorphisms (SNPs) in DNMT3A revealed an association with a particular genotype in an SNP and greater cognitive decline in patients with mild cognitive impairment (Chouliaras and others 2015) (Box 1).
Hypomethylation is also observed in PD patients in the CpG-rich island of synuclein alpha (SNCA), the gene coding for α-synuclein (Jowaed and others 2010) . α-Synuclein is a protein forming aberrant soluble oligomers that lead to neuronal cell death. The lower level of SNCA methylation was shown to result from a "sequestration" of DNMT1 in the cytosol in α-synuclein Box 1. transgenic mice and postmortem PD brains (Desplats and others 2011) . Alterations in the methylation profile of AD disease patients are discussed controversially as both hypo-and hypermethylation were reported (Coppieters and Dragunow 2011; Ellison and others 2017) . Nuclear immunostaining intensity of DNMT1 and other components of the methylation machinery such as methyl-CpG binding domain protein 2/3 (MBD2/MBD3) were significantly reduced in neurons (Mastroeni and others 2010) where a loss of methylation of the amyloid precursor proteins was observed. A decrease in Bace and Psen1 (encoding for presenilin 1) methylation was also shown in AD patients and was associated with increased production of amyloid β-peptides (Mastroeni and others 2010; Scarpa and others 2003) . Moreover, a pronounced global hypermethylation in the grey matter of postmortem human brain tissues was also observed in AD patients (Coppieters and others 2014) . Finally, in older 5xFAD transgenic mice, which already exhibit the pathological and behavioral changes associated with AD progression, DNMT3A and -B but not DNMT1 expression, and DNA methylation was increased (Grinan-Ferre and others 2016) .
Collectively the data show that the consequences of DNA methylation differ depending on the disease context. Controlling DNMT activity can in principal be proposed for the therapy of such conditions. Currently, however, the path to treatment is long since suitable small molecules to control DNMT activity specifically in disease context for a long-term treatment are not available and 5-azadC or zebularine, for instance, do not cross the blood-brain barrier.
Possible Role of DNMTs in Demethylation
The published studies so far suggest that DNMTs are a core part of the neuronal epigenetic machinery. What is less clear is which molecular mechanisms are in control of the DNMT function. Interestingly, some studies revealed other functions of DNMT3 aside from de novo methylation that might have implications for brain development, and that might also be relevant for brain plasticity. DNMT3 enzymes were shown to be part of demethylation processes through DNA repair mechanisms (Li and others 2007) . Following methylcytosine deamination, a G/T mismatch arises, and in mammals, this results in a specific base-excision repair mechanism. Thymine DNA glycosylase (TDG) is one of the two enzymes that together with methyl-CpG binding domain protein 4 (MBD4) is known to initiate this repair mechanism (Hardeland and others 2001; Krokan and others 2002) . TDG might also be responsible for the removal of formylcytosine and carboxylcytosine, which are the oxidation products of methylcytosine via hydroxymethylcytosine for active demethylation initiated by Tet enzymes (He and others 2011; Maiti and Drohat, 2011) . DNMT3A interacts with TDG directly via either its PWWP or even the catalytic domain (Li and others 2007) . This interaction then enhances TDG activity possibly by facilitating the binding of TDG to the mismatch sites, while binding to TDG at the same time represses the DNMT3A methylating activity (Li and others 2007) . Similarly, DNMT3B isoform was shown to interact with TDG and MBD4, and it was demonstrated that this interaction analogous to DNMT3A supports the G/T mismatch repair mechanism (Boland and Christman 2008) . Moreover, DNMT3A and 3B enzymes can function as DNA 5-hmC dehydroxymethylases (Chen and others 2012) . Evidence was provided that they could directly catalyze the conversion of 5-hmC to cytosine and control re-methylation of the cytosine (Chen and others 2012) . The only supporting evidence for a demethylase function in neurons came from a very recent study, which demonstrated that a reduced supply of S-Adenosyl methionine (SAM) converts DNMT3A to a demethylase in the dentate gyrus and this switching of function impacts the gene expression and behavior (Saunderson and others 2016) . The demethylase activity of DNMT3 is probably highly regulated and in concert with its de novo methyltransferase activity, a versatile means to control neuronal DNA-methylation.
Conclusions
The regulation of DNMT3A function could be an important factor by which synaptic activity regulates gene expression. The emerging picture suggests complex regulatory mechanisms at different levels. Given the suspected importance of aberrant DNA-methylation in several brain disorders, it will be imperative to learn more about the molecular underpinnings of these mechanisms.
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